The transcription factors hypoxia inducible factors 1 and 2 
Introduction
Multi-cellular organisms have evolved multiple mechanisms to respond to decreased oxygen levels (hypoxia) [1] . The three important physiological responses to hypoxia are: pulmonary vascular constriction to shunt blood to better oxygenated regions of the lung; neurotransmitter release by the carotid body to increase breathing and production of the hormone erythropoietin (EPO) to enhance red blood cell proliferation to increase the haemoglobin concentration in the blood [2] . Hypoxia is observed in many diseases such as ischemia and cancer [3] . Although physiological responses to hypoxia at the tissue level have been appreciated for decades, the molecular and cellular biology of hypoxia have only been elucidated in the past 15 years. The discovery of the transcription factor hypoxia inducible factor 1 (HIF-1) led to understanding the underlying molecular responses to hypoxia [4] . [5] . Subsequently, HIF-2␣ and HIF-3␣ were discovered, which show similar regulation in response to hypoxia [6, 7] . The regulation and biological consequences of HIF activation have been a major focus of hypoxia research. In the past decade, a major role for the mitochondria in the regulation of HIFs and vice versa has been elucidated. This article reviews how coordinated signalling between HIFs and the mitochondria regulate the cellular response to hypoxia. (Fig. 1) [51] [52] [53] . However, as cells are exposed to hypoxia for longer periods (minutes to hours) they display a reversible suppression of oxygen consumption. Cells display this decrease in metabolism at levels of hypoxia (1-3% O2) well above those associated with an inhibition of mitochondrial respiration and ATP production secondary to oxygen limitation (typically Ͻ0.5%) [54] . The persistence of mitochondrial respiration in the face of severe hypoxia is explained by the low Km of the cytochrome c oxidase, which is less than 1 M O2 [53] . The decrease in oxygen consumption under moderate hypoxia is likely to be an adaptive mechanism to avoid the development of anoxia. [55] .
HIF-1 was discovered as a nuclear factor bound to a cis-acting hypoxia response element (HRE) in the 3Ј flanking region of the EPO gene during hypoxia. HIF-1 is a heterodimer of two basic helix loophelix/PAS proteins, HIF-1␣ and the aryl hydrocarbon nuclear trans-locator (ARNT or HIF-1␤). HIF-1␣ protein is only detectable under hypoxic conditions, while HIF-1␤ subunit is constitutively stable

Oxidative phosphorylation
Historically, mitochondria have been viewed primarily as consumers of oxygen in order to generate ATP, i.e. oxidative phosphorylation. Mitochondrial oxygen consumption is initiated when reducing equivalents generated primarily as NADH and FADH2 from the TCA cycle provide electrons to the mitochondrial electron transport chain complexes I and II, respectively. Complexes I and II provide two electrons to ubiquinone (Q) resulting ubiquinol (QH2, reduced ubiquinone). Ubiquinol transfers its electrons to complex III (bc1 complex), which donates its electrons to cytochrome c. Reduced cytochrome c can transfer its electrons to complex IV (cytochrome c oxidase). Subsequently, complex IV transfers the electrons to molecular oxygen. The electron transport chain is located in the inner mitochondrial membrane. Cytochrome c is not membrane bound. The movement of electrons through the electron transport chain is coupled to proton translocation from the mitochondrial matrix to the inner mitochondrial membrane space
Mitochondria regulate HIFs
Hypoxia decreases cellular ATP utilization to diminish mitochondrial respiration
Cells exposed to hypoxia acutely (seconds) do not display a decrease in oxygen consumption
During hypoxia, cells that fail to decrease their oxygen consumption are likely to become anoxic faster than cells that can suppress their rate of oxygen consumption
What controls mitochondrial respiration during hypoxia? In their seminal work Chance and Williams proposed that mitochondrial respiration in cells is controlled by cellular ATP utilization. Their model suggested that increased cytoplasmic ATP utilization decreases cytosolic ATP levels and increases cytosolic ADP and Pi levels [56]. The rise in cytosolic ADP levels leads to a rise in mitochondrial ADP via the increased activity of the adenine nucleotide carrier. The increased mitochondrial ADP concentration stimulates the ATP synthase to augment the rate of ATP synthesis. The increased ATP synthesis results in a decrease in the mitochondrial membrane potential, which stimulates the respiratory chain to consume oxygen. Aside from cellular ATP utilization, the other factors that control mitochondrial respiration are the NADH supply, the respiratory chain and the degree of proton leak [57]. Metabolic control analysis combines experimental data with mathematical models to estimate the contribution of a given enzyme or pathway to the overall rate of metabolism. Brand and colleagues performed metabolic control analysis on liver cells under normoxia and observed that 15-30% of respiration is controlled by the NADH supply (these include pyruvate supply to the mitochondria, the TCA cycle and any other NADH-supplying reaction); 20% is controlled by the proton leak; and 50% is controlled by ATP utilization by cellular ATPases [58]. Interestingly, the respiratory chain contributes only 0-15% to respiratory control suggesting that the maximal rate of electron transport contributes little to the overall rate of cellular respiration. We did a similar analysis of liver cells under hypoxic conditions and found that although hypoxia decreased oxygen consumption by 50%, the control of respiration had not changed from normoxic conditions [53]. In this study, cellular ATP utilization remained the major factor controlling respiration under hypoxia. Thus, the major reason for the decrease in respiration during hypoxia is due to a decrease in cellular ATP utilization.
A major ATP consumer that hypoxia inhibits is the function of Na/K-ATPase. The activity of the Na/K-ATPase alone can account for 20-70% of the oxygen expenditure of mammalian cells [59] . Na/K-ATPase is a transmembrane protein found in higher eukaryotes that transports Na ϩ and K ϩ across the plasma membrane to maintain ionic gradients [60] . The Na/K-ATPase is a heterodimer composed of ␣ and ␤ subunits [61] . [67] . The endocytosis of the Na,KATPase during hypoxia triggers pVHL-mediated degradation of plasma membrane Na-K-ATPase in an HIF-independent manner [68] . Interestingly, the endocytosis and degradation of the plasma membrane Na-K-ATPase during hypoxia is dependent on mitochondrial generated ROS (Fig. 4) [63, 69] . The other major ATP consumer that hypoxia inhibits is mRNA translation [70] . The initiation of mRNA translation is regulated by the active eukaryotic initiation factors eIF4F and eIF2 [71] . The mammalian target of rapamycin (mTOR) and pancreatic eIF2␣ kinase (PERK) are the key regulators of translation during hypoxia [72, 73] . In growth-promoting conditions, mTOR sustains translation by phosphorylating the eIF4E-binding proteins (4E-BPs) and ribosomal protein S6 kinases (S6Ks) [74] . The PI3K/Akt signalling up-regulates mTOR activity by alleviating repression of mTOR by the TSC2 complex [75] . Hypoxia (1.5% O2) causes rapid (within 15 min.) and reversible hypophosphorylation of mTOR and its effectors 4E-BP1 and S6K [72] . The rapid inhibition of mTOR is HIF independent and occurs through the activation of AMPK76. AMPK phosphorylates TSC2 causing repression of mTOR [76] . Thus, loss of TSC2 effectively suppresses AMPK-induced mTOR inhibition during hypoxia [77] . We recently demonstrated that rapid activation of AMPK during hypoxia is dependent on mitochondrial ROS [78] . The sustained inhibition of mTOR over hours involves the HIF-dependent transcription of REDD1, which suppress mTOR-dependent mRNA translation [79] . The other major contributor to the decrease in mRNA translation during hypoxia is the activation of PERK73. PERK activation results in eIF2␣ phosphorylation, which inhibits mRNA translation initiation. Mitochondrial ROS have been implicated in the activation of PERK [80] .
HIF-1 regulates mitochondrial respiration
The regulation of NADH supply by HIF-1 is another regulator of respiration during hypoxia (Fig. 4) [81] . In addition, the decrease in HIF-1-dependent respiration during hypoxia might limit the generation of ROS [82] . Thus, the expression of HIF target genes, for example PDK1 might provide a negative feedback loop limiting the supply of NADH and inhibiting further mitochondrial ROS production.
HIF-1 also controls mitochondrial respiration during hypoxia by exchanging subunit 4-1 of cytochrome c oxidase (COX4-1)
for the more efficient COX4-2 isoform [83] . Most mammalian cells express COX4-1 isoform under normoxia [84] . Hypoxia through HIF-1 induces COX4-2 mRNA and protein expression [83] . By [86] [87] [88] . Depending on the genetic background, loss of HIF-2 in adult mice results in profound anaemia [87] or multiple organ pathology due to increase in oxidative stress [88] . The livers of HIF2 null mice display increased oxidative stress due to reduced expression of SOD2 as well as frataxin, a chaperone for the oxidant sensitive protein aconitase [89] . The role of HIF-2 regulation of oxidative stress is further supported by the observation that SOD2 levels are markedly increased in VHL null renal cell carcinoma cells [90] . Furthermore, reduction in HIF-2␣ makes mice more susceptible to oxidative stress induced ischemia-reperfusion injury [91] .
It will be interesting whether activation of HIF-2 prevents oxidative stress induced injury in other organs such as brain, lung and heart.
Conclusions
The 
